A full Ka-band in-line suspended stripline (SSL) to rectangular waveguide transition is proposed in this paper. The antisymmetric probes are introduced to transform the quasi-TEM mode of the SSL to the TE10 mode of the rectangular waveguide. Two slots with polygonal shapes are cut on the two probes respectively to improve the bandwidth of the transition. To verify this design, a back-to-back structure is fabricated and tested. The experimental results show that the insertion loss of better than 0.32 dB and the return loss of more than 14.2 dB are obtained from 25 to 40 GHz. The measurement results agree well with the simulations.
Introduction
The microstrip line is the most widely used transmission line in microwave and millimeter-wave planar integrated circuits. However, the microstrip line suffers from the increasing losses at millimeter-wave band due to the increase of both conductor as well as dielectric losses at this frequency band. The suspended stripline (SSL), which has lower loss compared to the microstrip line, is a good candidate for the transmission line at microwave and millimeter-wave band. Since the planar circuit of the SSL is suspended between two ground planes, a much higher portion of the electromagnetic field of the SSL is exposed to air, which results in reduced dielectric loss. Thanks to this property, the SSL has been adopted to realize various types of microwave circuits [1, 2, 3] , such as mixers, frequency multipliers, filters, and so on. On the other hand, the metallic waveguide still plays an essential role in microwave circuits and systems for its high power-handling capacity and high-Q property. In some applications, the microwave components realized in the forms of the SSL and rectangular waveguide need to be integrated in a microwave system, so a transition between them is required.
Various transitions from SSL to rectangular waveguide have been reported in open literatures. The right-angle transition that couples energy from SSL to waveguide using a E-plane probe [4, 5, 6, 7, 8] , is the most common structure for its simple structure. However, the input and output ports of the right-angle transition are perpendicular to each other, which requires additional waveguide bends if an inline configuration is desired in some applications. In order to solve this problem, an in-line SSL-to-waveguide transition is developed in this paper. On the other hand, the bandwidth of the SSL-to-waveguide transition is still relatively narrow and needs to be further expanded. In [8] , a broader transition with 29.5% fractional bandwidth is realized by employing a multi-sectional reduced-height waveguide, which can increase the fabrication complexity and cost, especially operating at millimeter-wave band. Nevertheless, the bandwidth of the SSL-to-waveguide transition is still not sufficient for many practical applications.
To address these problems mentioned above, a broadband in-line SSL-towaveguide transition with simple circuit structure is proposed. An improved relative bandwidth of 46.2% (with return loss of more than 14.2 dB) is achieved by employing the antisymmetric probes. A back-to-back configuration has been fabricated and the scattering parameters are measured to verify the proposed design. It exhibits advantages of broad bandwidth, low fabrication cost, and high reliability.
Configuration and design
The configuration of the proposed SSL-to-waveguide transition is shown in Fig. 1 . The transition consists of suspended stripline, tapered ground, antisymmetric probes and rectangular waveguide. The waveguide is a standard WR-28 rectangular waveguide with an inner dimension of 7:112 Â 3:556 mm, which will ensure single TE10 mode propagation in the Ka band. The planar circuit of the transition is designed based on the Roger's RT/Duroid 5880 substrate with relative permittivity of 2.2, loss tangent of 0.0009 and thickness of 0.127 mm. The antisymmetric probes are printed on opposite sides of the substrate and inserted into the center of E-plane of the WR-28 rectangular waveguide. The top and bottom layers of the probes are connected to the central conductor of the SSL and tapered ground plane, respectively. The introducing of the tapered ground plane can alleviate the effects of the discontinuity between the SSL and the probe. An arc curvature is employed in the tapered ground plane design for a better field matching so that the reflection can be minimized.
Unlike the conventional antisymmetric probes, the slotted antisymmetric probes, which are realized by cutting two slots with polygonal shapes on the two probes respectively, are proposed in this paper. This design is essentially motivated by the slotted antenna in paper [9] . The slotted antenna generates multi-path current flows on the antenna plane, which can increase the bandwidth of the antenna. In this paper, the slotted antenna has been developed for double-layer circuit design and used as the probe to increase the bandwidth of the transition. The slotted antisymmetric probes can transform the quasi-TEM mode of the SSL to the TE10 mode of the rectangular waveguide. Moreover, the fields and impedance matching between the slotted probes and the SSL is realized simultaneously by using the tapered ground. Fig. 2 shows the simulated E-field distribution of the transition in the rectangular waveguide H and E plans at 30 GHz, which demonstrates that the transition can rotate the z-polarised electric fields of the SSL to the x-polarised electric fields of the TE10 mode of the waveguide. By properly choosing the dimensions of the slotted antisymmetric probes and the tapered ground, a broadband transition between the SSL and waveguide can be achieved. Fig. 1(c) shows the channel cross-section of the SSL. The dimensions shown in Fig. 1(c) needs to be designed carefully to prevent higher order mode propagation at the operating frequency band. The cut-off frequency f c of the SSL for the TE10 type rectangular waveguide mode can be calculated as follow [10]: where a SSL is the width of the channel, b SSL the height of the channel, c is velocity of light in vacuum, " is the dielectric constant of the substrate, and h is the substrate thickness. The proposed transition is simulated and accomplished using Ansoft high-frequency structure simulator (Ansoft HFSS). The optimal dimensions of the transition are shown in Table I .
Simulation and measurement results
To verify our design, a back-to-back transition prototype is fabricated and measured. The planar circuit of the transition is sandwiched in the middle of the WR-28 waveguide cavity as shown in Fig. 3 . The measurements are carried out by using an Agilent vector network analyzer E8363B. As shown in Fig. 4 , the measured and simulated results are in good agreement from 25 to 40 GHz, except for a small frequency shift in the return loss, which is attributed to the fabrication and assembly errors. The measured results show that the return loss of the back-to-back transition is better than 14.2 dB in the whole Ka-band from 25 to 40 GHz. The measured insertion loss of the back-to-back transition, including the loss of a 20 mm suspended stripline, is between 0.48 to 0.76 dB within the range of 25-40 GHz. The loss of the SSL used in the prototype is calculated by the numerical simulations, in which the substrate has a loss tangent of 0.0009, and the conductor is copper with conductivity of 5:88 Â 10 7 S/m and thickness of 17 µm. The simulation results show that the SSL has losses of approximately 0.058 dB/cm in the operation frequency band. Therefore, the SSL with 20 mm length has a loss of about 0.116 dB, and the loss contributed by a single transition is estimated to be better than 0.32 dB from 25 to 40 GHz. Table II summarizes the performances of the proposed SSL-to-waveguide transition with previously reported works for comparison. The relative bandwidth of the proposed transition, which is 46.2% (with return loss of more than 14.2 dB), is significantly improved compared with the other transitions shown in Table II . Additionally, this novel transition is along the propagation direction of the waveguide, which can be easily applied in the systems with in-line input/output ports.
Conclusion
A novel in-line transition from SSL-to-waveguide is demonstrated at millimeterwave band. The slotted antisymmetric probes are developed to realize the wide operation bandwidth of the transition. A back-to-back prototype has been designed, fabricated and tested. The measurement results show good agreement with the simulation ones. This transition can be widely applied in millimeter-wave circuits and systems owing to its broadband performance and simple structure.
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